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A B S T R A C T
In this paper, a method of detecting fiber waviness in carbon fiber reinforced polymer (CFRP) using eddy current
(EC) probe is proposed. The probe consists of a rectangular excitation coil and a rectangular reception coil that
are perpendicular to each other. The excitation coil is along the designed fiber direction. Fiber waviness changes
the direction of EC and generates a magnetic field component that is normal to the reception coil; thereby an
output signal is obtained. The results of simulation and experiments show that the resolution of testing fiber
direction using the proposed method is as small as 0.5° and fiber waviness can be detected according to the
variation of scanning signal.
1. Introduction
Carbon fiber reinforced polymer (CFRP) has been widely used in
aerospace, construction and other fields because of its excellent per-
formances such as high specific strength and specific stiffness and re-
sistance to fatigue and corrosion [1,2]. In aircraft manufacturing,
structures made with CFRP are used to replace metallic structures to
reduce weight of aircraft [3]. In building construction and main-
tenance, CFRP is used as reinforcing material to improve corrosion
resistance of building [4]. When producing CFRP laminate, improper
operation such as rapid curing may cause large residual stress in the
laminate and make the fibers waved. With fiber waviness, the com-
pressive strength and stiffness of the laminate is significantly reduced
[5–7]. Therefore, it is imperative to develop technology that is able to
detect fiber waviness nondestructively.
Eddy current testing (ECT) is a prevailing technology for inspecting
conductive materials for its advantages such as noncontact and single-
side testing and low requirement of surface cleaning. Progress in the
study of ECT of fiber waviness in CFRP has been achieved in recent
years. Bouloudenine et al. designed a probe consisting of 16 pancake
coils arranged circularly to detect in-plane fiber waviness in unidirec-
tional CFRP. Simulation results showed that fiber direction can be
identified from the polar diagram of the normalized impedance changes
of the coils due to eddy current (EC) [8]. Schulze et al. took the fol-
lowing steps to analyze the fiber distributions of a certain ply in mul-
tidirectional CFRP laminate. They made two-dimensional (2D) Fourier
transform on the C-scan image and identified the overall fiber direc-
tions of different plies from the spectrum image. Filtering the spectrum
image by setting proper window corresponding to the desired ply angle,
the spectrum of the ply was acquired. Then they performed 2D inverse
Fourier transform on the spectrum of the selected ply and obtained the
spatial distribution of fibers in that ply, on which fiber waviness can be
recognized [9–11]. Mizukami et al. used a pair of rectangular coils to
detect in-plane fiber waviness in unidirectional CFRP. The plane of the
excitation coil was perpendicular to the sample surface and the bottom
side was parallel to the designed fiber direction to induce EC in the
sample. The reception coil was placed such that the plane of winding
was parallel to the sample surface and the coil was symmetric about the
bottom side of the excitation coil. Fiber waviness destroyed the balance
of magnetic fluxes passing through the reception coil from different
sides and yielded an output signal [12].
Although achievements on ECT of CFRP have been made, a method
that is easy to operate, sensitive to variation of fiber direction, and less
disturbed by the inhomogeneity of the material is still in demand. In
this paper, we propose to detect fiber waviness in unidirectional CFRP
using orthogonal rectangular coils. The principle of detection is in-
troduced in Section 2. Simulation results and experimental validation
are presented in Section 3 and Section 4, respectively. Conclusive re-
marks are given in Section 5.
2. Principle of detection
Fig. 1 illustrates the testing of fiber direction using orthogonal
rectangular coils. The planes of winding of both coils are perpendicular
to the sample surface. We define the direction of a rectangular coil as
the direction of its bottom side. The direction of the bottom side of the
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excitation coil is also the direction of the probe. The probe is placed
such that the excitation coil and the reception coil are parallel and
perpendicular to the designed fiber direction, respectively. If the actual
fiber direction is exactly the same as designed, the EC is perpendicular
to the reception coil and no signal is obtained. If the actual fiber di-
rection is different from the designed fiber direction (also the direction
of the excitation coil) with an angle of ϕ (named deviation angle), the
EC still flows predominantly along the actual fiber direction because
CFRP has strong electrical anisotropy and the conductivity in the fiber
direction is much larger than the conductivities in the other directions.
Ignoring the small EC components perpendicular to the fiber direction,
the value of EC density has a cosine relation with ϕ, cf. Fig. 1(b). In
addition, since the sensitive axis of the reception coil and the EC flow
have an angle of ϕ, the relation between the output voltage of the re-
ception coil (the voltage induced by the alternating magnetic field that
is generated by the eddy current) and ϕ is a sine function if the varia-
tion of EC density is not considered, cf. Fig. 1(c). Combining the
relation between the EC density and ϕ (cosϕ) and the relation between
output voltage and ϕ (sinϕ) and using the formula 2sinϕ cosϕ=sin
(2ϕ), we conclude that the output voltage and ϕ are in sin(2ϕ) relation,
which means that the proposed method is most sensitive to the varia-
tion of fiber direction near 0°. By scanning the probe on the surface of
CFRP laminate, fiber waviness can be detected.
3. Numerical simulation
In this section, numerical simulation using the finite element
method is performed to validate the feasibility of testing fiber direction
and detecting fiber waviness in unidirectional CFRP laminate using
orthogonal rectangular coils. The computer program is based on the Ar,
V −Ar formulation where Ar and V stand for the reduced magnetic
vector potential (MVP) and the electric scalar potential, respectively.
The program was developed in lab and has been validated by com-
paring the numerical results of computing the change of impedance of
pancake coil due to EC in unidirectional CFRP with theoretical solutions
[13].
3.1. Simulation of testing fiber direction
In this subsection, we compute and plot the distributions of EC with
different deviation angles to further elaborate the principle of testing
fiber direction, and then compute the relation between the output
signal and the angle. Fig. 2 shows the geometrical model of simulation.
The length, width and thickness of the CFRP laminate are 200mm,
100mm, and 1mm, respectively. The laminate has 8 plies and each ply
is 0.125mm thick. The fiber directions of the plies are the same and
along the length direction of the laminate (the x direction). A local
Cartesian coordinate system (l, t, n) is defined at each point in the la-
minate where the l axis is parallel to the fiber direction, the t axis is
transverse to the l axis and parallel to the sample surface, and the n
direction is the thickness direction. The conductivities along the l, t and
n directions, denoted as σl, σt and σn, are selected to be 10,000 S/m,
100 S/m and 50 S/m, respectively according to [14]. The relative per-
meability is 1.
The probe is above the center of the laminate. The frequency of the
excitation current is 1MHz and the current density is 1× 106 A/m2. To
study the effect of deviation angle on the distribution of EC, we change
the probe direction instead of rotating the test sample. In numerical
simulation, rotating the probe is easier than rotating the test sample.
The solution domain is divided into 450,016 hexahedral elements.
After solving for Ar and V, the total MVP A is obtained by A=As+Ar
where As is the MVP in air due to the excitation current. Then, the EC
density J is computed by J = −jω σ A− σ ∇V where ω is the angular
frequency and σ is the conductivity tensor. Fig. 3 shows the computed
distributions of EC in the top ply when the deviation angle is 0°, 30°,
and 60° respectively. Because of the electrical anisotropy of CFRP, EC
flows predominantly along the fiber direction. If there is deviation
between the probe direction and the fiber direction (cf. Fig. 3(b) and
(c)), the distribution of EC that is primarily along the fiber direction is
no longer perpendicular to the winding plane of the reception coil; thus,
the secondary magnetic field generated by the EC passes through the
reception coil and yields an output signal. Meanwhile, because there
are transverse contacts among the fibers, there is a small conductivity in
the direction transverse to the fiber orientation. Therefore, the flow of
EC under the probe is not exactly along the fiber direction.
In the next, the relation between the output voltage and the de-
viation angle is computed. Fig. 4 shows the amplitudes of the output
voltages |V| of the reception coil when the deviation angle ϕ is varied
from 0° to 180° with step size of 15°. The slope of the function |V| = f
(ϕ) is the largest at ϕ=0° and the function reaches maximum at
ϕ=45°, which coincides with the sin(2ϕ) relation between the voltage
and ϕ derived in Section 2. Note that the amplitudes of voltages at the
deviation angles of 30° and 60° are not identical, though sin(2×30°)
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Fig. 1. Schematic of testing fiber direction by orthogonal rectangular coils. (a)
General schematic. (b) Generation of EC. (c) Magnetic field passing the recep-
tion coil.
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equals sin(2× 60°). This is explained as follows. As shown in Fig. 3(b)
and (c) and analyzed in the above paragraph, the EC under the probe is
not exactly in the fiber direction; therefore, the cosϕ relation between
the current density and ϕ and the sin(2ϕ) relation between the voltage
and ϕ are not strictly followed. This results in some difference between
the output voltages at 30° and 60°.
3.2. Simulation of detecting fiber waviness
The geometrical model of the simulation of detecting fiber waviness
is shown in Fig. 5. The dimensions and electromagnetic parameters of
the laminate are identical to those in Section 3.1. The fiber direction is
generally along the x axis. Fiber waviness of arc shape is located in the
region of x∈ [−10, 10] mm with maximal offset of 1.3mm. To simu-
late fiber waviness, the conductivity tensors at the elements in the
waviness zone are changed according to the fiber directions at the
elements. The probe is the same as that in Section 3.1 and is parallel to
the x direction. The scanning path is from x=−35mm to x=35mm
with y=0 and liftoff of 0.5mm. When the probe is far from the de-
fective zone, the scanning step is 5mm; from x=−15mm to
x=15mm, the scanning step is 1mm.
Fig. 6 shows the simulation result. When the probe is far from the
defective zone, the probe direction is parallel to the fiber direction; thus
the output voltage is zero. When the probe is over the zone of fiber
waviness except for the position of x=0, there is an angle between the
probe direction and the fiber direction, which produces nonzero output.
The maximal deviation angles appear at the edges of the defective zone.
Correspondingly, the theoretical positions of the signal peaks are at
x= ±10mm if the sensor is a point. In fact, the voltage reaches
x
y
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Fig. 2. Geometrical model of testing unidirectional CFRP using orthogonal
rectangular coils. (a) Geometrical model. (b) Dimensions of the excitation coil.
(c) Dimensions of the reception coil.
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Fig. 3. EC distributions (imaginary part) in the top ply. (a) Deviation angle is
0°. (b) Deviation angle is 30°. (c) Deviation angle is 60°.
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maxima at x= ±8 mm. The discrepancy between the theoretical po-
sitions and the practical positions of the signal peaks is owing to the fact
that the footprint of the probe covers a certain area and the testing
result corresponds to the average of the fiber directions in the area.
When the probe is at the position of x =0mm, the deviation angle is 0°
and the output voltage returns to 0.
4. Experiments
In this section, experiments are conducted to examine the resolution
of testing fiber direction and prove the feasibility of detecting fiber
waviness in unidirectional CFRP using orthogonal rectangular coils.
The experimental system is shown in Fig. 7. The signal generation
unit of the phase-locked amplifier 7280 outputs sinusoidal voltage of
0.5 Vrms and 1MHz. This signal is magnified by the power amplifier
HAS 4101 and then applied on the probe. The probe whose shape and
dimensions are shown in Fig. 2 is made by winding varnished wire on
plastic skeleton. The excitation coil has 20 turns and the reception coil
has 100 turns. The output voltage of the reception coil is collected by
the signal detection unit of the phase-locked amplifier and then pro-
cessed by PC. When detecting fiber waviness, the probe scans on the
sample surface under the control of the electric displacement platform
ZH300-DZ. The platform has minimal step size of 2.5 μm and repeated
positioning accuracy of 5 μm.
4.1. Experiment of testing fiber direction
An 8-ply unidirectional CFRP laminate with dimensions of
200mm×200mm×1mm is made following an autoclave curing
process. Fiber waviness is not introduced in the sample. The probe is
placed and fixed above the center of the laminate. The laminate is ro-
tated anticlockwise around the center of the laminate and the deviation
angle is changed from 0° to 180° with step size of 15°. The measured
voltages are shown in Fig. 8. The results of repetitive measurements are
highly consistent.
The baseline value of the result is nonzero because of the imperfect
winding of the coils. When the excitation coil and the reception coil are
not exactly perpendicular, there is mutual inductance between the coils.
The voltage of the reception coil due to the mutual inductance can be
much larger than that associated with the deviation of fiber orientation.
It can be expected that the function of the amplitude of voltage vs. ϕ is
similar to the simulation result shown in Fig. 4 is there is no such
baseline value. However, the baseline voltage is not a bad thing. It al-
lows us to distinguish positive and negative deviation angles
Fig. 4. Simulation result of output voltage vs. deviation angle.
y 
x 
Fig. 5. Geometrical model of testing unidirectional CFRP with fiber waviness
using the orthogonal rectangular coils.
Fig. 6. Computed signal of scanning unidirectional CFRP with fiber waviness
using the orthogonal rectangular coils.
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Fig. 7. Experimental system. (a) Diagram. (b) Photograph.
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conveniently without looking into the phases of signals.
In order to figure out the resolution of testing fiber direction using
the orthogonal rectangular coils, the above experiment is carried out
with finer step of changing deviation angle. The deviation angle
changes from −15° to 15°. When the angle is in the range of [−3°, 3°],
the step of rotating the laminate is 0.5°; otherwise, the step of rotation is
1°. The result is shown in Fig. 9. It turns out that the resolution of
testing fiber direction using the orthogonal rectangular coils is as small
as 0.5° when the deviation angle is near 0°.
4.2. Experiment of detecting fiber waviness
The CFRP laminate for this experiment is designed to be the same as
that used in Section 4.1 except that fiber waviness sketched in Fig. 5 is
made. When preparing CFRP with fiber waviness, the fibers in the
prepreg in the designed waviness zone are pulled up in the z direction
and then pressed to the y direction on the prepreg. Then, the CFRP with
fiber waviness is obtained after curing. The probe is placed along the x
direction and the scanning path is shown in Fig. 5. The step size of
scanning is 1mm. The probe moves along the scanning path twice, one
without the test sample and the other with the test sample under the
probe. Thereafter, the difference between the two signals is obtained.
The result of testing is shown in Fig. 10. When the probe is over the
defective zone, the signal has a positive peak and a negative peak,
which approximately correspond to the left and right edges of the
waviness zone where the fibers bend toward the +y direction and −y
direction, respectively. The extrema are not exactly at the edges of the
waviness zone. This may be attributed to the nonzero footprint area of
the probe as explained in Section 3.2. Another possible reason is that
the actual shape and dimensions of the fiber waviness may not be
identical to those in the design drawing, subject to the level of manu-
facturing. The undulated signal obtained over the intact region is due to
the inhomogeneity of the laminate.
4.3. Discussion on numerical and experimental results
The purpose of simulation is to examine the principle of testing
rather than predicting exact signals. Direct comparison of numerical
and experimental results is difficult in three aspects.
(1) In the simulations, the reception coil is exactly perpendicular to the
excitation coil and the output voltage is 0 when the actual fiber
direction is the same as the designed fiber direction (which is also
the direction of the excitation coil). So, the function of voltage
amplitude vs. deviation angle in the range of 180° has two positive
peaks (cf. Fig. 4). In the experiments, the reception coil is not ex-
actly perpendicular to the excitation coil, which yields a nonzero
baseline voltage. Thus, the function of voltage amplitude vs. de-
viation angle in the range of 180° has a negative peak and a positive
peak (cf. Fig. 8).
(2) In the simulations, the density of excitation current is given for the
sake of being easy to implement in finite element analysis; whereas,
Fig. 8. Experimental result of output voltage vs. deviation angle.
Fig. 9. Experimental result of output voltage vs. deviation angle in a small
range of deviation angle.
(a)
(b)
Fig. 10. Experimental signal of scanning the unidirectional CFRP sample with
fiber waviness using the orthogonal rectangular coils. (a) Real part. (b)
Imaginary part.
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in the experiments, a voltage is applied to the excitation coil. The
density of excitation current in the simulation is not converted to
the applied voltage in the experiment. Since the conditions of ex-
citation are different, the values of results are not comparable.
(3) In the simulations, the conductivities of CFRP in different directions
are assumed a typical set of values from [14]. In the experiments,
the conductivities are not unknown. Measurement of conductivities
of CFRP is a challenging task. Thereupon, the values and distribu-
tions of EC densities in the simulations and the experiments must
have some differences. Correspondingly, the numerical results and
the experimental results are different.
In a nutshell, the shapes and values in Figs. 4 and 8 cannot be
compared directly. Likewise, the computed scanning signals in Fig. 6
and the measured scanning signals in Fig. 10 are different. Again, si-
mulation is performed to examine the principle of testing rather than
computing exact signals and experiment is conducted to get signals
instead of validating the numerical model. Validation of the model is
reported in [13].
5. Conclusions
Fiber waviness is a common type of defect in CFRP laminate and
deteriorates the mechanical performance of CFRP structure. The paper
proposes to detect fiber waviness in unidirectional CFRP laminate using
orthogonal rectangular coils. This method makes full use of the prop-
erty of electrical anisotropy of CFRP. The excitation coil is placed
parallel to the designed fiber direction and the EC flows predominantly
along the actual fiber direction. Local deviation of fiber direction
changes the direction of EC and the associated magnetic field and
thereby produces an output voltage on the reception coil. Numerical
simulation and experiments are performed to validate the proposed
method. The resolution of testing fiber direction is as small as 0.5°. The
fiber waviness in the prepared sample is successfully detected.
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